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An n-type hydrothermally grown ZnO sample becomes semi-insulating ͑~10 8 ⍀ cm͒ after 1-MeV electron-irradiation. Deep traps produced by the irradiation were studied by thermally stimulated current spectroscopy. The dominant trap in the as-grown sample has an activation energy of 0.24 eV and is possibly related to Li Zn acceptors. However, the electron irradiation introduces a new trap with an activation energy of 0.15 eV, and other traps of energy 0.30 and 0.80 eV, respectively. From a comparison of these results with positron annihilation experiments and density functional theory, we conclude that the 0.15-eV trap may be related to V Zn 4, 5 Both materials contained two prominent defects: E1 at E C − 0.12 eV and E3 at E C − 0.29 eV. In VP ZnO, E1 is the primary defect, while in MLT ZnO, E3 dominates. An electron trap at E C − 0.3 eV was also found in early HYD ZnO single crystals ͑with net donor density in the range 2 − 8 ϫ 10 14 cm −3 ͒ by DLTS studies. 6 The 0.3-eV defect is evidently a native donor and has been attributed to oxygen vacancies ͑V O ͒. 4, 6 High-energy ͑1.8 MeV͒ proton irradiation can induce point defects in VP ZnO samples, albeit with very low production rates, and in that case DLTS finds two defects, Ep1 at E C − 0.54 eV and Ep2 at E C − 0.78 eV.
7 High-energy ͑Ͼ1.6 MeV͒ electron irradiation can also create point-defect related acceptors and donors in VP ZnO, with more damage if the beam is directed toward the Zn face than the O face. 8 However, unlike the case in VP or MLT ZnO, we have found that 1-MeV electron irradiation in HYD ZnO can easily produce semi-insulating ͑SI͒ material, with resistivity Ͼ10 8 ⍀ cm. 9 Because such high-resistivity samples cannot be studied by DLTS, we have instead applied thermally stimulated current ͑TSC͒ spectroscopy, which has earlier been successfully used to study various other SI wide-band gap materials, such as carbon-doped GaN ͑Ref. 10͒ and high-purity 4H-SiC.
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The HYD ZnO sample used in this study was a 5 mm ϫ 5 mmϫ 0.5 mm c-axis-oriented plate cut from a larger 10 mmϫ 10 mm plate supplied by Tokyo Denpa. 12 Hall-effect measurements were performed at room temperature, with Ohmic contacts prepared by soldering indium dots onto the corners of the sample. The electrical properties included: resistivity of 210 ⍀ cm, carrier concentration of 1.6ϫ 10 14 cm −3 , and electron mobility of 185 cm 2 / V s. Fitting of the temperature-dependent mobility and carrier concentration was accomplished with the following parameters: donor energies E D1 = 48 meV, E D2 = 300 meV; donor concentrations N D1 = 1.5ϫ 10 16 cm −3 , N D2 = 1.0ϫ 10 15 cm −3 ; and acceptor concentration N A = 1.49ϫ 10 16 cm −3 . Note that the donors are rather closely compensated by the acceptors.
Electron irradiation ͑EI͒ was carried out at room temperature using 1-MeV electrons produced by a Van de Graaff accelerator. An electron fluence of 2 ϫ 10 16 cm −2 was used in two consecutive irradiations giving a total dose of 4 ϫ 10 16 cm −2 . Recent molecular dynamics simulations have determined 300-K displacement threshold energies of 44 and 34 eV for O and Zn, respectively. 13 We can then use the , which would be enough to complete the compensation of both the 48-and 300-meV donors and produce highly resistive material.
TSC spectroscopy involves filling electron and hole traps by illumination at low temperature and then warming the sample in the dark while recording the current due to the thermal emission of carriers from the traps. To keep the initial conditions the same, the sample was always cooled from 400 to 83 K in the dark. During cooling, the dark current ͑DC͒ was measured as a function of temperature. The traps were filled at 83 K by illumination with 400-nm ͑near-band gap͒ light, produced by a 15-W halogen lamp and a bandpass filter. The photocurrent ͑PC͒ response was recorded at 83 K during a 5-min illumination period and the decay of persistent photocurrent was then recorded for 30 s after switching the light off. After that, the TSC spectrum was measured during warming at a heating rate of ␤ = 0.3 K / s under a bias of 0.1 or 1 V, depending on the resistivity of the sample. From the TSC peak temperature T m for a given trap, the approximate activation energy can be determined from the relation 14 
E T = kT m ln͑T m 4 /␤͒. ͑1͒
Note that TSC characterization by itself cannot tell whether a peak is due to an electron trap or a hole trap. However, based on a comparison of the measured activation energies with those determined in earlier samples by DLTS or other means, we can speculate on the origins of the TSC traps observed in our as-grown and irradiated HYD ZnO samples.
An Arrhenius plot of DC measured upon cooling at V b = 1 V for the HYD ZnO sample before and after the first and second EIs is presented in Fig. 1 . Before the EI ͑top curve͒, the sample shows mid-resistive behavior, with the conductivity controlled by relatively shallow donors. After the first EI ͑middle curve͒, the resistivity greatly increases and has a conductivity activation energy of about 0.3 eV, and after the second EI ͑bottom curve͒, the sample becomes semi-insulting. In total, the DC at 400 K is reduced by nearly four orders of magnitude. Positron annihilation spectroscopy has been used previously to study point defects introduced in VP ZnO by 2-MeV EI. The results show that Zn-vacancy acceptors are important in the electrical compensation. 15 Thus, it is reasonable to conclude that the significant reduction in conductivity of HYD ZnO after electron irradiation is due to the introduction of zinc vacancies.
The net TSC spectrum ͑i.e., TSC-DC͒ for the as-grown sample ͑before EI͒ is shown in Fig. 2 . The PC response measured at 83 K is shown in the inset of the figure. The response consists of: ͑i͒ an initial transient, related to trapfilling processes; ͑ii͒ a saturation region, with equal rates of carrier emission and capture; and ͑iii͒ a decay or persistent photocurrent, related to the thermal emission of carriers from shallow traps at 83 K. The TSC spectrum is dominated by a broad peak centered at 135 K, but also includes a shoulder at 160 K and a small peak at 215 K. Using Eq. ͑1͒, the activation energies are estimated to be 0.24 eV for the 135-K peak and 0.30 eV for the 160-K shoulder. Recently, a Li-related acceptor state with a thermal activation energy of approximately 0.26 eV in a similar Tokyo Denpa ZnO sample was determined to play a key role in electron trapping phenomena. 16 Thus, we tentatively assign the 0.24-eV center to Li Zn acceptors. Also, the weak 0.30-eV center in the asgrown sample could possibly be related to oxygen vacancies, as reported in earlier DLTS studies on VP and HYD ZnO samples. 4, 6 It is difficult to directly compare the magnitudes of the TSC spectra of the as-grown and irradiated samples, because the TSC signal is proportional to the dominant carrier lifetime in each case and the carrier lifetimes are unknown. However, the PC is also proportional to carrier lifetime, and thus a rough normalization can be effected by dividing the TSC signal by the PC signal at 83 K. Such a normalization should be reasonably accurate for at least the low temperature traps. In Fig. 3 is displayed the net, normalized TSC curves ͕i.e., ͓TSC-DC͔/͓PC ͑83 K͔͖͒ for the as-grown and irradiated samples. The traps in the as-grown sample have been discussed above. After the first EI, traps at 94 and 375 K are clearly observed and the use of Eq. ͑1͒ gives energies of 0. 16 valence band edge was found to be introduced by 100-keV proton implantation. 17 Thus, we believe that the 0.15-eV center, introduced by electron irradiation in HYD ZnO, may also be a hole trap. Since electron irradiation is known to produce stable Zn vacancies, 15 and since the V Zn ͑0/-͒ transition energy has been determined from density functional theory to be about 0.11 eV, 18 it is possible that this trap is V Zn related. The feature at 135 K ͑0.24 eV͒, which may be related to the acceptor Li Zn , is dominant in the as-grown sample. On the other hand, the features at 94 K ͑0.16 eV͒, 160 K ͑0.30 eV͒, and 375 K ͑0.80 eV͒, are likely related to point defects. The 160-K feature has the same energy as that of a trap earlier assigned to O vacancies. 4, 6 Finally, the 375-K trap has an energy close to that of Ep2 ͑0.78 eV͒, introduced in VP ZnO by proton-bombardment. 7 In summary, thermally stimulated current spectroscopy has been used to investigate the effects of 1-MeV electron irradiation on a ZnO sample grown by the hydrothermal method. A dose of 4 ϫ 10 16 cm −2 increases the resistivity from about 10 2 to 10 8 ⍀ cm, likely due to the introduction of zinc vacancies. Before irradiation, a trap at 0.24 eV dominates the TSC spectrum, and it is probably related to Li Zn , known to be a major residual impurity in hydrothermal ZnO. Irradiation introduces strong traps at 0.15 and 0.80 eV. The former is possibly related to the Zn vacancy and the latter is reminiscent of Ep2, reported in 1.8-MeV proton-bombarded vapor-phase ZnO. An 0.30-eV trap, possibly related to the oxygen vacancy, can be observed in both as-grown and irradiated ZnO.
